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ABSTRACT 
An investigation in the High Speed Water Tunnel of the 
hydrodynamic character is t ics  of a family of three-dimensional 
sharp-edged hydrofoils i s  described. Four  rectangular plan- 
fo rm,  6 degree wedge profiles with aspect  ra t ios  of 4 . 0 ,  2 .0 ,  
1 . 0  and 0 .5  were  tested over a range of cavitation numbers 
f rom noncavitating to fully cavitating flow. The effects of 
aspect  ratio on the flow and cavity configurations and on the 
lift,  drag and pitching moment a r e  discussed. Where data were  
available the resul ts  have been compared with the two-dimensional 
case.  
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INTRODUCTION 
The use  of water tunnels a s  a valuable tool in the study of the hydro- 
dynamics of hydrofoils has been established and a considerable body of 
data has been accumulated. To date hydrofoil testing in water tunnels has 
been almost entirely limited to two-dimensional profiles and the testing of 
finite aspect hydrofoils has been left to towing tanks. Many advantages 
accrue to water tunnel testing such a s  duration of test  run, ease of obser-  
vation, elimination of surface effects and surface-piercing s t ru ts ,  and 
easy and rapid control of cavitation number and other parameters .  Testing 
of three-dimensional reflection plane mounted airfoils has long been a 
testing technique in low- speed wind tunnels and has been adopted to hydro- 
foil testing in the experiments described below. 
The tests  described in this report were designed to provide data on 
the effects of aspect ratio on the force and cavitation characteristics of 
rectangular plan-form hydrofoils. Thin, wedge profiles were chosen to 
obtain separation and cavitation from the leading edge. These profiles 
a r e  of particular interest because considerable experimental and theoretical 
data exist on flat plate airfoils and hydrofoils including the results of tests  
in the High Speed Water Tunnel on two-dimensional wedge hydrofoils. 
No attempt has been made to correlate the result  with existing 
theory, This report consists primarily of a presentation of the measured 
data and a discussion of observations made during the experiments. 
HYDROFOILS 
Four wedge- shaped hydrofoils with aspect ratios of 0.5, 1 .0 ,  2 . 0  
and 4.0 were used in these experiments. The lower surfaces of the hydro- 
foils provide flat plate profiles in full cavity flow while the wedge shape 
gives the necessary strength to the models. The hydrofoils have 6 degree 
apex angles and rectangular plan form with sharp,  unbroken edges. The 
hydrofoil models a r e  shown in Fig. 1 and the principal dimensions a r e  
given in Table I. All surfaces of the models were ground smooth to final 
dimensions. Due to the small apex angle and the difficulty in obtaining a 
sharp, straight leading edge in the finishing operation, the final chord 
lengths deviated somewhat f rom the specified dimensions, a s  noted in the 
table. The models were machined from 416 stainless steel and a r e  made 
integral with a rectangular block for mounting on the force balance spindle. 
Each model has a single pressure tap, 116 inch diameter, located at  the 
center in the upper surface. The pressure tap, used for measuring cavity 
pressure ,  i s  connected to 1 / 16-inch diameter brass  tubing which passes 
through the hydrofoil mounting block. 
APPARATUS AND TEST PROCEDURE 
1. Apparatus 
A reflection plane setup was installed in the 14-inch diameter tes t  
section of the High Speed Water Tunnel (Ref. 1). The reflection plane con- 
sisted of a vertical flat plate set  one-half the distance from the tunnel wall 
to the test  section axis. The plate, 12 inches high by 20 inches long, was 
faired to a simple circular a r c  nozzle casting and a 23-1 / 4  inch long, 
3-1 12 degree diffuser section. The nozzle casting has a 25-7/16 inch 
radius circular a r c  profile hand-faired a t  the downstream juncture with the 
flat plate to eliminate the discontinuity in curvature. No fairing was used 
between the nozzle section and the circular test  section wall. The flat 
diffuser section extended into the water tunnel diffuser and was terminated 
in a n  abrupt step. This type of section had proven successful in the two- 
dimensional water tunnel hydrofoil tests (Ref. 2), and i t  was felt that attempts 
to completely diffuse the flow without separation would be unsuccessful with 
such an unsymmetrical flow configuration. With this setup, separation 
occurred a t  a fixed and stable position. The reflection plate assembly i s  
shown in Fig. 2. Figure 3 shows a view looking downstream of the plate 
setup in the tunnel tes t  section. The test section window and the aspect 
ratio 2 hydrofoil can be seen in this figure. A description of the flow cali- 
bration tests  and the results a r e  given in Appendix A. 
The hydrofoils were mounted on a 5.00-inch diameter disk attached 
to the balance spindle and set  flush with the reflection plate. A small 
radial clearance gap was provided bdtween the spindle disk and the flat 
plate. The hydrofoils were mounted with the midchord point of the lower 
wedge surface coincident with the spindle disk centerline. With this setup, 
the hydrofoil was rotated about the rnidchord point to change attack angle 
and the pitching moment was measured about this axis. A 3- 5 /  16 inch 
diameter by 4-inch long hollow cylindrical spindle supported the hydrofoil 
and mounting disk. The space around the spindle was sealed f rom the 
remainder of the space behind the reflection plane by a pressure  shield so 
that the pressure  around the spindle, mounting disk, and force balance 
seal was the same a s  in the test  section. Though the hydrofoils were tested 
only at angles of attack up to 30 degrees, the spindle and model could be 
rotated through 360 degrees. The pressure tap on the hydrofoil upper su r -  
face was connected to a manometer outside the tes t  section by means of 
1 / 1 6 -inch diameter Tygon tubing pas sing through a hole in the side of the 
hollow spindle, through the pressure  shield and through the tunnel wall. 
A water t rap  was provided in this pressure  line to permit  purging of water 
f rom the tubing before making cavity pressure  measurements.  
With this arrangement, forces were measured on both the hydrofoil 
and the spindle disk. In order  to determine these t a r e  forces on the spindle 
disk, selected force tes ts  were repeated with the hydrofoils mounted on a 
streamlined s t ru t  from the opposite side of the tes t  section from the r e -  
flection plane. The s t ru t  was mounted on a contoured plate installed in the 
tes t  section window frame.  The angle of attack of the hydrofoil could be  
varied f rom outside the tunnel with this image setup. The hydrofoil was 
positioned so that the free tip was within approximately 0.002 inches of the 
spindle disk. In these tests  the forces and moments were measured on the 
spindle disk alone and these data were applied a s  corrections to the force s 
and moments measured with the hydrofoil-disk combination. Details of the 
t a r e  calibration tes ts  and correction procedures a r e  given in Ref. 2. 
The three component force balance, force gages and data recording 
systems a r e  described in Refs. 2 and 3. 
2. Test Procedure 
Force measurements were made on each hydrofoil in noncavitating 
flow for a range of attack angles to 30 degrees a t  a velocity of 30 fps. The 
force characteristics in cavitating flow were determined in tests  in which 
the angle of attack and velocity were held constant and the cavitation number 
varied from noncavitating to full cavity flow. The tests  were made a t  
hydrofoil angles of attack of 0 to 30 degrees.  The runs were made at  a 
tunnel velocity of 30 fps except for the aspect ratio 4. 0 hydrofoil, which, 
due to i t s  thin section was tested at  25 and 20 fps a t  high attack angles. 
Variations of coefficients with Reynolds number were investigated with the 
aspect  ratio 2.0 hydrofoil a t  an angle of attack of 8 degrees a t  velocities 
6 
of 20 to 50 fps giving Reynolds numbers of 5.0 x lo5  to 1.25 x 10 . 
In the cavitation tes ts  the cavitation number was varied by changing 
t e s t  section p ressure  while holding the velocity constant. At each. t e s t  
point, the lift, drag and pitching moment gage readings were photographi- 
cally recorded and the velocity and t e s t  section pressure  were read on 
manometers.  Photographs were taken of the cavitating hydrofoil by means 
of a camera  mounted above the tes t  section. Two photographs were taken 
a t  each cavitation number tested, At small cavitation numbers,  for  which 
the cavity on the hydrofoil upper surface extended beyond the p ressure  tap, 
measurements  were also made of cavity pressure.  
3. Data Reduction 
The force and cavitation data were reduced to dimensionless 
coefficients a s  follows: 
Lift coefficient, CL - Lift 
p /2  v 2 s  
Y 
Drag coefficient, - Drag C~ p/2  v2s  
Y 
Moment Coefficient, CM = Moment 8 
(about leading edge) p / 2  v 2 s c  
P - P  
- 
0 v Cavitation number, 
rv - p / 2 v 2  2 
Cavitation number, 6 Po - J 
v c  Reynolds number, R = -
e v J 
Aspect Ratio, AR - 2b - 2s - -  
C 
-2' 
C 
where 
V = velocity of undisturbed flow, f t /sec,  
3 
p = density of water a t  the temperature of the run, slugs/ft  , 
2 S = hydrofoil plan a rea ,  ft , 
c = hydrofoil chord, f t ,  
b = hydrofoil half-span, ft, 
2 P = pressure  of undisturbed flow, lb/f t  , 
0 2 P = vapor pressure  of fresh water at the temperature of the run, lb / f t  , 
v 3 
P = measured cavity pressure ,  lb l f tL ,  
C 2 
v = kinematic viscosity of fresh water a t  the temperature of the run, ft /sec.  
The angle of attack, a ,  i s  defined a s  the angle between the f ree  
s t ream direction and the lower, flat plate surface of the hydrofoils (Fig. 4). 
The attack angle for the wedge profile i s  obtained by adding the wedge half 
angle, 3 degrees, to the flat plate angle of attack. 
A sample of ten force data points were photographically recorded on 
35 m m  film at each tes t  point. The data were read from the film, averaged 
and punched on tape, and coefficients were calculated by a Burroughs 205 
digital computer. Corrections for balance pressure  sensitivity, temperature 
drift, and transfer  of moments from the spindle axis to the hydrofoil leading 
edge were programmed on the computer. Corrections for the forces on the 
spindle disk were applied to the reduced coefficients. Force and moment 
coefficients and cavitation numbers a r e  tabulated in Appendix B. 
RESULTS 
The principal variables in this experiment were aspect ratio, angle 
of attack and cavitation number. The measured and derived parameters  
were l i f t ,  drag and moment coefficients, lift-drag ratio and cavity dimen- 
sions. Because of the large number and range of parameters  varied and 
measured in the tests  this report consists primarily of a presentation of 
the data in a readily usable form. No attempt has been made to show var ia-  
tions of all coefficients and cavity measurements with all the variables.  
The lift, drag and moment coefficients for the four hydrofoils in 
noncavitating flow a r e  given in Figs, 5 and 7. Curves of lift, drag and 
moment coefficient and lift/drag ratio as  a function of cavitation number at 
constant angle of attack a r e  shown in Figs. 8 through 23 for each aspect 
ratio. The data points shown in these curves a r e  for cavitation numbers 
based both on vapor pressure  and measured cavity pressure whenever such 
measurements were possible. In Figs. 24 through 30 lift, drag and moment 
coefficients and lift-drag ratios a r e  shown a s  functions of angle of attack for  
the range of cavitation numbers tested for each aspect ratio hydrofoil. Polar 
diagrams with cavitation number a s  a variable a r e  also included for each 
hydrofoil. 
Curves of cavity length a s  a function of cavitation number for various 
angles of attack a r e  shown in Figs. 31 and 32 for each model. The effect 
of aspect ratio on cavity length at constant cavitation number i s  shown in 
Figs. 33 and 34 for angles of attack of 8,  10, and 15 degrees. For cavity 
lengths of 1 and 2 chords the change in cavitation number with aspect ratio 
at constant attack angles a r e  shown in Fig. 35. 
The effect of the three-dimensional flow at  the free end of the hydro- 
foils i s  to shorten the length of the cavity on the upper surface of the hydro- 
foils compared with the infinite aspect ratio hydrofoil at the same cavitation 
number. Thus, a much lower cavitation number was required to obtain the 
same relative cavity length for the small aspect ratio hydrofoils than for a 
two-dimensional profile. Because of this, the force and moment coefficients 
for the four hydrofoils a r e  compared for the same relative extent of cavita- 
tion rather than at  constant cavitation number. In order to include, where 
possible, data measured on a two-dimensional hydrofoil for comparison, 
(Ref. 41, the results have been plotted a s  a function of the reciprocal of 
the aspe ct ratio. 
The effect of aspect ratio on the lift, drag and moment coefficients 
at  constant angles of attack a r e  shown in Figs. 40, 43 and 46 for non- 
cavitating flow and in Figs. 41, 42, 44, 45, 47 and 48 for cavity lengths of 
one and two times the hydrofoil chord. 
Photographs of the cavitating hydrofoils a r e  included together with 
descriptions of the observed cavity configuration and the effect of the three- 
dimensional tip flows. 
Though some comparisons a r e  made with two- and three-dimensional 
experimental results in noncavitating flow and with two-dimensional data 
in cavitating flow, no attempt has been made to compare the results with 
existing theory. In order  to increase the usefulness of this report a s  a 
data source, al l  measured cavitation number and force coefficient data a r e  
tabulated in Appendix B. 
DISCUSSION OF RESULTS 
1. Noncavitating Flow 
The lift, drag and moment coefficients for the four wedge- shaped 
hydrofoils a r e  shown in Figs. 5 and 7 as  functions of angle of attack. The 
zero lift and moment points and minimum drag occur a t  an angle of attack 
of 3 degrees instead of zero degrees since the angle was measured f rom the 
lower surface of the wedge profile. The characteristic increase in lift slope 
and linearity with aspect ratio and the shift in maximum lift toward lower 
angles of attack a s  aspect ratio is  increased can be seen in Fig. 5. All data 
were taken at a water velocity of 30 fps except for the aspect ratio 4.0 hydro- 
foil for which the velocity was reduced to 25 and 20 fps for angles of attack 
of 15 degrees o r  greater in order  to avoid bending of the narrow hydrofoil. 
The chords of the models varied from 1.5 to 4.4 inches and, therefore, the 
5 Reynolds number based on model chord varies from 3.75 x 10 for the 
6 
aspect ratio 4.0 hydrofoil to 1. 12 x 10 for the 0.5 aspect ratio model a t  a 
constant velocity of 30 fps . 
The aspect ratio 2.0 hydrofoil was tested a t  Reynolds numbers f r om 
5 6 5.0 x 10 to 1.25 x 10 a t  an angle of attack of 8 degrees. Although there  
were small differences in the data for noncavitating flow, no significant 
Reynolds number effects on the coefficients were noted in fully cavitating 
flow over the limited range of velocities tested. 
Figure 6 shows a comparison of the lift coefficient with the resul ts  
obtained in other experiments for noncavitating flow; The angle of attack 
for  the wedge profiles in Fig. 6 i s  measured from the midplane of the 
profile. The curve for the two-dimensional, o r  infinite aspect ratio, case 
is  f rom measurements made in the two-dimensional tes t  section of the 
High Speed Water Tunnel on a 10-degree wedge section a s  reported by 
Pa rk in  (Ref. 4). Data measured at the Langley Towing Basin on flat plate 
hydrofoils of aspect ratio 1 .0  and 0. 25 a r e  also included for  comparison. 
These data (Refs. 5 and 6) were  measured on flat plate hydrofoils a t  a sub- 
mergence of approximately one chord for the aspect  ratio 1 . 0  hydrofoil 
and one-half chord for  the 0 .  25 aspect ratio hydrofoil. 
The data taken in the fully wetted tes t s  a r e  shown in Table I ,  
Appendix B. Here  the l if t ,  drag,  and moment coefficients and angle of 
attack a r e  tabulated. F i l m  numbers serve only to identify data groups. 
Water velocity in all the t e s t s  was 30 fps except a s  shown in the table.  
2. Cavitating Flow 
The data for  cavitating flow were obtained a t  constant velocity and 
angle of attack and the tes t  section p res su re  var ied to control cavitation 
number f rom fully wetted to full cavity flow. Lift, drag and moment coef- 
ficients and lif t-drag ratio a r e  plotted in Figs .  8 through 2 3  and the data 
a r e  tabulated in Table 11, Appendix B. The data a r e  tabulated according 
to angle of attack for  each hydrofoil. The fi lm numbers identify the photo- 
graphs taken of the cavitating hydrofoil during each data group. The cavi- 
tation number based on vapor p res su re ,  defined above, i s  given for  a l l  
hydrofoils. F o r  the hydrofoils of aspect ratio 4 . 0  and 0. 5 the cavitation 
numbers  based on measured  cavity p res su re  a r e  given whenever such 
measurements  were  obtained. Due to failure of the p res su re  measuring 
apparatus ,  no reliable data on cavity p r e s s u r e s  were obtained for  the aspect  
ra t io  1 . 0  and 2 . 0  hydrofoils. The cavitation numbers based on measured 
cavity p res su re  a r e  included in the figures for the aspect  ratio 4 .0  and 0. 5 
hydrofoils. These data have been blocked in,  whereas the open symbols 
indicate cavitation numbers based on vapor p res su re .  The curves were 
fa i red  through the vapor cavitation number points and this cavitation number 
h a s  been used in  al l  the curves throughout the report .  Cavity p r e s s u r e s  
could only be obtained when the cavity f rom the leading edge extended be- 
yond the midchord location of the p res su re  tap. As seen in the figures and 
tab les ,  the cavitation number based on measured cavity p res su re  i s  always 
l e s s  than that based on vapor p res su re .  This difference amounts to a s  
much a s  0.098 a t  a u- of approximately 0 .6 .  The difference between o- 
v 
and 6 decreases a s  cavitation number is  decreased and becomes approxi- k 
mately 0.02 for cavitation numbers of 0.1 and l ess .  Differences between 
bv and a a r e  d i s c u s s e d m o r e f u l l y i n R e f s .  2, 4, and7 .  k 
The flat portion at the right in Figs. 8 through 23 i s  for noncavitating 
flow o r  for small amounts of cavitation. The points of incipient cavitation 
number a r e  connected by dashed curves where possible a s  a re  those for 
cavity lengths of 0 .5 ,  1 .0 and 2.0 chords. In Figs. 8 through 23 only the 
data taken for T,'=: 1 .5  a r e  plotted in order  to show more clearly the 
changes due to cavitation number. For  the higher angles of attack, therefore, 
the points of incipient cavitation lie to the right of the figures and cavitation 
was present over the entire range of 5 shown. There was negligible 
v 
change in the coefficients with small amounts of cavitation and the values 
for cr 3 1 . 5  a re  included in the tables in the appendix. For  small amounts 
v 
of cavitation there i s  little change in the lift and drag coefficients. Except 
for small angles of attack the lift coefficient increases somewhat with 
increased cavitation until the cavity extends to the trailing edge of the 
hydrofoil, (x/ c = I ) ,  (where x i s  the length of the cavity on the upper su r -  
face of the hydrofoil, measured f rom the profile leading edge) and then 
decreases sharply and almost linearly. For  the aspect ratio 0. 5 hydrofoil 
the increase in lift coefficient between incipient cavitation and x/ c = 1 is 
very slight but increases a s  the aspect ratio i s  increased. The increase 
in lift between incipient cavitation and x / c  = 1 i s  even more marked on 
the two-dimensional wedge hydrofoils (Ref. 4). 
Similar effects can be noted for the drag coefficient, although to a 
much l esse r  degree. Here there i s  a slight increase in drag between in- 
cipient cavitation number and x / c  = 1 , and then a linear decrease in drag 
a s  cavitation number i s  further reduced. The wedge-shaped hydrofoils 
were not designed for efficient operation in noncavitating flow, and a s  a 
result  the blunt trailing edges give high drag coefficients and low lift co- 
efficients in fully wetted flow. Consequently, the onset of cavitation 
provides a more  beneficial effect on the lift of these profiles than i t  would 
for sharp-edged profiles of clean aerodynamic shape. The drag coefficient 
on low-drag, sharp-edged profiles would be expected to be more strongly 
affected by the development of cavitation than the blunt, wedge - shaped 
profiles of this experiment. As  with l i f t  coefficient, the drag  coefficient 
i s  l e s s  affected by changes in cavitation number at angles of attack of ten 
degrees o r  l e s s ,  particularly for the small aspect ratio hydrofoils. 
The effect of cavitation number on the combination of l i f t  and drag 
a r e  seen in Figs. 11, 15, 19 and 23 which show lift-drag ratio a s  a function 
of cavitation number. At angles of attack l e ss  than 15 degrees, the onset 
of cavitation causes an increase in lift-drag ratio to a maximum at x / c  = 1. 
The maximum lift-drag ratio shifts toward lower cavitation numbers a s  the 
angle of attack i s  decreased. This effect becomes more marked a t  smaller  
aspect ratios.  At angles of attack greater  than 15 degrees, there i s  no 
change in lift-drag ratio f rom fully wetted to fully cavitating flow. Although 
the lift-drag ratio does not change with cavitation number a t  high angles of 
attack, cavitation does strongly affect the hydrofoil performance. At high 
angles of attack where the hydrofoils act like stalled airfoils with severe 
vibration and buffeting in noncavitating flow, the buffeting is  apt to increase 
a s  cavitation number i s  decreased until full cavity flow where x / c  31.  At 
this point and for smaller  cavitation number, the forces on the hydrofoils 
a r e  steady. The nature of the water tunnel force balance precludes 
measurement of these fluctuating forces. 
Moment coefficients about the hydrofoil leading edges a r e  shown a s  
functions of cavitation number in Figs. 10, 14, 18, and 22.  A positive 
pitching moment is  defined a s  one tending to increase angle of attack. Be- 
tween incipient cavitation and x /  c = 1 , the pitching moment becomes more  
negative and reaches a minimum when x / c  = 1.  Further decrease in cavi- 
tation number causes the moment coefficient to increase toward zero. The 
curves through the moment coefficient data look very much like the reflec- 
tion of the lift coefficient curves about the horizontal axis. This i s  to be 
expected since the origin of the moments i s  taken a t  the leading edge of 
the hydrofoils in these experiments. 
The curves faired through the data of Figs. 8 through 23 were used 
a s  a basis for crossplots of the coefficients a s  functions of angle of attack 
with cavitation number a s  a parameter  which defines the individual mem- 
be r s  of the various families of curves. In Figs. 24 through 30 the points 
shown on the curves have been taken from the curves of Figs.  8 through 
23 which were faired through the experimental data. They a r e  not experi- 
mental points and a r e  included in the crossplots only to facilitate their use. 
In these figures each symbol denotes a different cavitation number. 
Lift coefficient as  a function of angle of attack for constant cavitation 
number i s  shown in Figs. 24 and 25 for each hydrofoil. For  the l a rge r  
aspect ratio hydrofoils the lift coefficient reaches a maximum when x / c  = 1. 
This is  even more marked on the two-dimensional hydrofoils (Ref. 4). In 
each case the maximum, o r  knee, in the curve appears when x / c  = 1. When 
the cavity extends beyond the trailing edge of the hydrofoil (x /c  s l )  , the 
lift slope i s  greatly reduced. For  x / c  s l  the lift coefficient becomes 
linear with angle of attack a s  aspect ratio i s  reduced, and the slope of the 
lift coefficient versus angle of attack decreases slightly a s  aspect ratio i s  
decreased. 
Drag coefficient curves a r e  shown in Fig. 26. The families of 
curves of drag coefficient a r e  very similar for the four hydrofoils, although 
there i s  l e s s  change in drag coefficient with cavitation number for the low 
aspect ratio profiles for angles of attack less  than 20 degrees. Cavitation 
polar diagrams for the hydrofoils a r e  shown in Figs. 27 and 28. In these 
figures, angle of attack i s  shown by dashed curves where possible. The 
lift-drag ratio a s  a function of angle of attack at constant cavitation number 
i s  given in Fig. 29. The peak in each curve occurs at x / c  = 1. Fo r  high 
angles of attack and low 
=v 
the lift-drag ratio data for the aspect ratio 
4.0 hydrofoils i s  a good representation of the cotangent rule. For  the 
smaller  aspect ratio hydrofoils the lift- drag ratio follows the cotangent rule 
for angles of attack greater  than 15 degrees where there i s  little difference 
with cavitation number. The moment coefficient curves of Fig. 30 re-  
semble reflections of the l i f t  coefficient curves about the horizontal plane 
a s  was noted in the curves through the experimental points. As with a l l  
the data the knee in the moment coefficient curves occurs when x / c  = 1. 
When the cavity extends beyond the trailing edge of the hydrofoil, the 
moment coefficient i s  l inear with angle of attack with the slope decreasing 
a s  aspect ratio i s  decreased. 
Figures 31 and 32 show the dimensionless cavity length a s  a function 
of cavitation number at constant angle of attack for the four hydrofoils. 
Curves have been faired through the measured cavity length data and, in  
general, consistent families of curves resulted. There a r e ,  however, a 
number of cases wherein the curves cross ,  particularly a t  low cavitation 
numbers  . Overlapping and crossing of the curves a t  small  cavitation num- 
b e r s  is due to the ex t reme sensitivity of the cavity length to cavitation 
number a t  low 6 and the fact that the photographs of the cavity were taken 
during the t e s t s  at one o r  two random points ra ther  than by obtaining an 
average  cavity length over  the period required to make the force measure -  
ments .  The crossings of the curves a t  higher cavitation numbers a r e  due, 
in pa r t ,  to the t ip flow effects which cause the outboard end of the cavity to 
angle sharply toward the hydrofoil root making an accurate  determination 
of the cavity length very  difficult. In Figs .  31 and 32 only those cavities 
originating along the leading edge of the hydrofoil were considered and no 
measurements  were made of tip vortex cavities. It can be seen in the 
f igures  that for  constant angle of attack and cavitation number the cavity 
length decreases  a s  aspect ratio i s  decreased.  
The effect of aspect  ratio on cavity geometry can be seen more  
clear ly in  F igs .  33  and 34 where cavity length i s  shown a s  a function of 
aspect  ratio a t  constant cavitation numbers for  angles of attack of 8 ,  10 and 
15 degrees.  These figures show that aspect ratio has  little effect on cavity 
length for  high cavitation numbers and in fact no consistent differences were  
noted i n  incipient cavitation numbers for the four hydrofoils, F o r  sma l l e r  
cavitation numbers aspect  ratio has a very marked effect on cavity length.. 
F o r  example,  at an angle of attack of 15 degrees and u- = 0 ,4 ,  the dimen- 
v 
s ionless  cavity length i s  s ix  t imes  l a rge r  for the aspect  ratio 4. 0 hydro- 
foil than for  the 0.  5 aspect ratio profile. The cavity length data of Figs .  
31 and  32 a r e  plotted a s  cavitation number ve r sus  the reciprocal of the 
aspec t  ratio for  constant cavity lengths of one and two chords in Figs .  35a 
and 35b respectively. The data a r e  shown a s  a function of 1 / A R  in o r d e r  
to include the resul ts  on two-dimensional hydrofoils a s  measured by Park in  
(Ref. 4).  Park in  did not report  cavity dimensions, however, and the cavi- 
tation numbers  corresponding to the maximums in the l i f t  curves were  
assumed to correspond to x/ c = 1. The apparent anomalies in the curves 
of F ig .  35a for  angles of attack of 20 degrees and grea ter  for aspect ra t ios  
of 2. 0 and 4.0 a r e  due to the fact that at  high angles of attack with x / c  5 1 
the flow separa tes  and the cavity i s  not permanently attached to the leading 
edge of the model. The rapidly fluctuating cavitation makes  measurements  
of cavity length difficult. In Fig.  35a the 1 /AR = 0 ,  o r  two-dimensional 
data, a r e  consistent with that measured on the finite aspect  ratio hydrofoils. 
Since no cavity length measurements  were reported on the two-dimensional 
hydrofoils, no infinite aspect ratio data could be included in the x / c  = 2 
curves of Fig.  35b. 
The formation of the tip vortex cavitation was independent of aspect  
ratio in the t e s t s .  In general,  for  angles of attack of 8 degrees and l e s s ,  
the t ip  cavity initially attached itself to the trail ing edge of the hydrofoil 
whereas for  higher angles of attack the t ip vortex cavities originated a t  the 
leading edge of the models. Observations and photographs of the cavitating 
hydrofoils show that for  all  angles of attack and for  cavitation numbers  
which resulted in steady s tate  cavities attached to the leading edge of the 
hydrofoil, the t ip cavities were conical in shape and remained separa te  
f rom the main cavity. The effect of end flow on the cavity originating at 
the hydrofoil leading edge a s  well a s  the effect of aspect  ratio on cavity 
length can be seen in Fig.  36. F o r  the smal le r  aspect ratio hydrofoils in  
Fig. 36, the cavity on the upper side of the profile can be seen to angle 
sharply toward the root of the model leaving a t r iangular ,  wetted sur face  
nea r  the f r ee  end. In these photographs, taken a t  an angle of attack of 8 
degrees and a cavitation number of approximately 0.15, three  separa te  
cavities can be seen to exist  on all  four hydrofoils. One cavity originates 
along the leading edge of the hydrofoil and extends over  the upper surface 
of the profile. A separate  tip cavity i s  formed on the f r e e  end of the hydro- 
foil and the third cavity originates a t  the blunt trail ing edge. Figure 37 
shows top and side photographs of the four hydrofoils a t  an angle of attack 
of 15 degrees and a cavitation number of approximately 0.  25. In this 
figure,  with m o r e  extensive cavitation, the separa te  conical tip cavity can 
be readily seen. It can be noted that the relative a r e a  of the profiles 
affected by this t ip flow i s  much grea ter  for the sma l l e r  aspect  ratio hydro- 
foils. Figures  38 and 39 show the aspect ratio 1.0  and 2 . 0  profiles r e spec -  
tively a t  an angle of attack of 30 degrees for  a range of cavitation numbers .  
F o r  angles of attack of 20 degrees and g rea te r ,  where strong flow sepa ra -  
tion occurs  and cavitation begins in the separated wake, a separate  t ip 
cavity i s  not established until the cavitation number i s  reduced to the point 
where a clear  steady-state cavity attaches itself to the leading heads of the 
hydrofoil. Theq a s  a t  smal le r  angles of attack, the conical t ip  cavity remains 
separated from the main cavity by a film of water. 
The effect of aspect ratio on lift, drag and moment coefficients is 
shown in Figs. 40 through 48. The coefficients a r e  shown for three con- 
ditions, fully wetted flow, (x /c=O) ,  x / c = 1 . 0  and x / c = 2 . 0 .  The curves 
have been plotted a s  functions of 1 /AR in order to include data on two- 
dimensional hydrofoils (Ref. 4). Each figure consists of a family of curves 
of constant angle of attack. Curves of constant cavitation number a r e  shown 
where possible for  the cavitating cases. Since cavity length is  a sensitive 
function of aspect ratio at  constant cavitation number, the results a r e  shown 
for the same relative flow and cavity conditions resulting in a more con- 
sistent family of curves. 
The apparent inconsistency of lower lift a t  infinite aspect ratio for 
small  angles of attack in Fig. 40 may be due to the configurations of the 
models. The model for the infinite aspect ratio data had a 10 degree total 
wedge angle, whereas the models for the finite aspect ratio data had a 6 
degree total wedge angle. 
The familar effects of aspect ratio on the hydrodynamic coefficients 
in fully wetted flow (x/ c = 0) i s  also noted in fully cavitating flow. Except 
for small increases in the lift and drag coefficients and decreases in moment 
coefficients, the curves for x / c  = 1 a r e  nearly identical to those for fully 
wetted flow. As noted above, the lift and drag coefficients decrease rapidly 
a s  cavitation number i s  reduced and the cavity extends beyond the trailing 
edge of the hydrofoil. The sharp reduction in lift and drag coefficient and 
increase in moment coefficient can be seen in Figs. 42, 45 and 48 for 
x / c  = 2. 0. Here the effect of aspect ratio i s  still similar to that for fully 
wetted flow; however, the slopes of the curves a r e  greatly reduced and the 
coefficients a r e  much less  sensitive to aspect ratio. 
CONCLUSIONS 
Some general conclusions can be drawn from the results of these 
tests:  
1.  The High Speed Water Tunnel provides a valuable means of 
studying the hydrodynamic characteristics of three-dimensional hydrofoils. 
2. The effects of cavitation on the force and moment coefficient6 
fo r  the low aspect ratio hydrofoils of these tests  were essentially the same 
a s  on two- dimensional profiles. 
3. Because of tip flow effects, aspect ratio has a strong effect on 
cavity length for equal cavitation numbers. 
4. The effect of aspect ratio on the force and moment coefficients 
in full cavity flow were very similar to that for noncavitating flow. At very 
low cavitation numbers, the forces and moments were less  sensitive to 
aspect ratio. 
5. For  angles of attack less  than 20 degrees the tip vortex cavity 
always remained separate from the cavity on the upper surface of the hydro- 
foil which originates along the leading edge. For angles of attack of 20 degrees 
and greater  the tip cavity was separate at  low cavitation numbers where 
steady-state cavities were established. In full cavity flow the tip cavity 
always assumed a distinct conical shape. 
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APPENDIX A 
TEST SECTION FLOW CALIBRATION 
Five static pressure taps were installed along the horizontal center- 
line of the flat reflection plate and provision was made for making velocity 
and pressure surveys across  the test section at  nine points. A rake with 
16 static and total head tubes was used in flow calibration experiments. The 
velocity and pressure calibration tests  were made a t  velocities of 20, 30, 
40 and 50 fps. The velocity profile i s  uniform throughout the entire tes t  
section except for the boundary layers on the flat plate and tunnel wall. The 
boundary layer on the flat plate i s  approximately 3/8 in. thick at the balance 
spindle centerline. Figure 49 shows the measured velocity profile at  the 
balance spindle location for velocities of 40 and 50 fps. 
Cavitation tests  using the flow calibration rake spanning the entire 
tes t  section were also used to detect any lack of uniformity in the flow o r  
pressure field. Cavity length i s  a very sensitive function of cavitation 
number at  small cavitation number, therefore, any variations in velocity o r  
pressure across the test section would be noted a s  differences in the length 
of the cavities formed along the calibration rake, Variations in cavity 
length due to differences in static pressure of 1 / 4  inch of water can easily 
be detected, however, no variations in the lengths of the cavities across  
the test section were noted. 
A static pressure calibration along the flat reflection plane was made 
simultaneously with the velocity profile measurements. These tests  showed 
a slight decrease in pressure along the length of the test  section amounting 
to a decrease in pressure coefficient of .006 per foot. 
APPENDIX 13 - DATA T A B L E S  
Table I - Non' :avitating Flow Table 1 - K o n r a v ~ t a t i n g  Flow (Cont 'd)  
AR - 4 . 0  
V = 30, 25, 20 f p s  
F i l m  
No. a L. 
0140 3' 0.0155 
AR = 3. 5 ( C n n t ' d .  ; 
F i l m  
No. n L. C D c; M 
'Table 11 - Cavitat ing Flow 
Aspec t  Ratlo = 4 . 0  
F i l m  
No. AR = 2.0 
V = 30 f p s  
V = 30 i p s  
V = 30 i p s  
AR = 1.0 
V = 30 f p s  
V = 30 i p s  
AR = 0 . 5  
V = 30 f p o  
T a b l e  11 - Cavi ta t ing  f l o w  (Cont 'd )  
.4R = 4 .0  (Cont 'd)  
F i l m  
KO. 
V r 30 f p s  
V = 30 f p s  
V = 25 i p s  
F i l l r  
N o .  
156 
157 
158 
159 
I60  
161 
I62 
163 
164 
165 
I66  
167 
168 
169 
170 
171 
172 
1 74 
175 
177 
178 
179 
180 
18 1 
182 
183 
184 
185 
186 
187 
188 
189 
190 
191 
192 
193 
194 
196 
197 
198 
I99 
200 
20 1 
202 
203 
204 
205 
206 
207 
208 
209 
210 
211 
212 
2 13 
2 14 
V = 25 f p s  
tble I1 - Cavitating Flow (Cont 'd) 
Aspect  Ilatio = 2. 0 
Film 
No. hl 
30 fps 
0.003 
0.004 
0.003 
0.004 
0.003 
0.003 
0.004 
0.004 
0.004 
0.003 
0.003 
0.003 
0.002 
0.002 
0.002 
0.001 
0.003 
0.004 
0.004 
0.003 
30 fps 
-0.010 
-0.008 
-0.008 
-0.008 
-0.008 
-0.008 
-0.008 
-0.008 
-0.008 
-0.009 
-0.008 
-0.009 
-0.009 
.O 
a = D (Cont'd) 
0. 178 0.059 -0.045 
0.178 0.060 -0.044 
0. 178 0.060 -0.044 
0. 181 0.062 -0.044 
0.183 0.063 -0.044 
0. 189 0.063 -0.044 
0. 180 0.064 -0.044 
0.178 0.065 -0.044 
0.176 0.066 -0.044 
0.178 0.068 -0.044 
0. 179 0.068 -0.044 
0.171 0.066 -0.044 
0. 174 0.059 -0.042 
0.175 0.057 -0.042 
0.177 0.053 -0.041 
0.177 0.046 -0.041 
0.186 0.037 -0.043 
0.188 0.028 -0.065 
0.154 0.023 -0.051 
0.126 0.020 -0.039 
0.123 0.019 -0.038 
0. 179 0.063 -0.047 
0.18C 0.067 -0.052 
a = 8O, V = 30 f p s  
0.228 0.067 -0.058 
0.229 0.068 -0.057 
0.226 0.067 -0.056 
0.225 0.066 -0.086 
30 fps 
-0.022 
-0.021 
-0.020 
-0.024 
-0.020 
-0.020 
-0.021 
-0.020 
-0.020 
-0.020 
-0.021 
-0.021 
-0.021 
-0.020 
-0.019 
-0.018 
-0.016 
-0.028 
-0.021 
-0.020 
-0.021 
30 Ips 
-0.034 
-0.034 
-0.033 
-0.033 
-0.033 
u = q0. V = 30 fps 
Table  I1 - Cavitating Flow (Cont 'd )  
2.0 (Cont 'd )  
F i l m  
No. 
F i l m  
N o .  C~ C~ Cx.1 
a = 9O (Cont 'd )  
0.274 0.074 -0.067 
0.269 0.080 -0.066 
0.269 0.080 -0.064 
0.275 0.069 -0.065 
0.290 0.065 -0.070 
0.312 0.060 -0.087 
0.356 0.057 -0.129 
0.  321 0.051 -0.119 
0.285 0.046 -0.105 
0.231 0.039 -0.086 
0.  198 0.033 -0.068 
0. 168 0.028 -0.055 
0. 163 0.029 -0.053 
0. 166 0.029 -0.055 
0.276 0.077 -0.065 
0.275 0.072 -0.069 
0.275 0.071 -0.069 : 30 fps 
-0.366 
-0.363 
-0.364 
-0.356 
-0.354 
-0.361 
-0.371 
-0.394 
-0.384 
-0.321 
-0.230 
-0. 195 
-0.175 
-0.155 
-0.  143 
-0.143 
-0.141 
-0.141 
-0.368 
0.013 
-0.004 
: 30 fps 
-0.402 
-0.409 
-0.411 
-0.428 
-0.441 
-0.370 
-0.293 
-0.261 
-0.224 
-0.205 
-0 .  192 
-0.190 
-0.192 
-0.430 
-0.404 
= 30 fps 
-0.375 
-0.376 
-0.376 
-0.378 
-0.380 
-0.390 
-0.394 
-0.353 
-0.285 
-0.273 
-0.262 
-0.251 
-0.240 
-0.229 
-0.375 
-0.372 
-0.370 
Table  11 - Cavitating Flow (Cont'd) 
F i l m  
No. 
F i l m  
No. CD C M  
a : 4", V = 30 fps 
0.029 0.047 -0.003 
0.026 0.048 -0.006 
0.026 0.047 -0.005 
0.027 0.048 -0.007 
0.028 0.046 -0.007 
0.028 0.044 -0.007 
C.027 0.G40 -0.007 
0.031 0.034 -0.007 
0.027 0.027 -0.006 
0.031 0.024 -0.007 
0.036 0.019 -0.005 
0.033 O.Ot?  -0.003 
0. 026 0.046 -0.005 
0.029 0.049 -0.007 
0.029 0.048 -0.007 
a = 5'. V = 30 f p s  
0.057 0.048 -0.014 
0.055 0.046 -0.013 
0.055 0.047 -0.012 
0.054 0.046 -0.012 
0.055 0.047 -0.013 
0.055 0.045 -0.013 
0.056 0.040 -0.013 
0.057 0.033 -0.014 
0.057 0.028 -0.013 
0.058 0.029 -0.012 
0.059 0.018 -0.011 
0.072 0.014 -0.015 
0.066 0.012 -0.015 
0.064 0.017 -0.013 
0.058 0.048 -0.013 
0.056 0.047 -0.013 
F i l m  
No. u V O k  C L  CD C M  L./D 
a = go, V = 40 fps 
0.046 -0.094 
0.041 -0.097 
0.035 -0.081 
0.028 -0.058 
0.025 -0.054 
0.025 -0.054 
0.027 -0.052 
0.057 -0.055 
0.068 -0.058 
0.067 -0.058 
V = 50 f p s  
0.073 -0.057 
0.077 -0.057 
0.076 -0.054 
0.068 -0.054 
0.059 -0.054 
0.047 -0.066 
0.042 -0. 101 
0.039 -0.093 
0.034 -0.078 
0.030 -0.064 
0.026 -0.055 
0.026 -0.056 
0.060 -0.055 
0.074 -0.058 
30 ips 
-0.023 
-0.02l 
-0.020 
-0.020 
-0.021 
-0.020 
-0.020 
-0.020 
-0.018 
-0.029 
-0.023 
-0.020 
-0.022 
-0.021 
30 fps 
-0.030 
-0.028 
-0.028 
-0.027 
-0.027 
-0.027 
-0.027 
-0.026 
-0.026 
-0.027 
-0.044 
-0.033 
-0.031 
-0.030 
-0.027 
-0.029 
-0.029 
30 ips 
-0.037 
-0.034 
-0.033 
-0.034 
Aspect Ratio = 1 . 0  
F i l m  
No. C~ c~ 
3", V = 30 fps 
0.045 -0.000 
0.046 0.001 
0.047 0.000 
0.046 -0.001 
0.045 -0.001 
0.044 -0.002 
0.041 -0.002 
0.034 -0.002 
0.028 -0.003 
0.025 -0.003 
C.020 -0.004 
0.046 -0.001 
0.048 -0.001 
0.048 -0.000 
Table I1 - Cavitating Flow (Cont'd) 
AR = 1.0  (Cont'd) 
F i lm  
No. 
Film 
NO. 
a = 8O (Cont 
0.142 0.061 
0.143 0.062 
0. 142 0.059 
0.143 0.056 
0. 144 0.051 
0.147 0.045 
0. 174 0.037 
0.162 0.032 
0. 117 0.025 
0.124 0.026 
0.119 0.025 
0. 145 0.060 
0. 143 0.061 
0.146 0.062 
a = 15'. V = 30 fps 
0.423 0.132 -0. 122 
0.415 0. 130 -0. 118 
0.418 0. 129 -0. 118 
0.417 0. 126 -0. 118 
0.420 0. 129 -0. 119 
0.413 0.128 -0.117 
0.405 0. 127 -0. 113 
0.424 0. 131 -0. 126 
0.437 0.129 -0.140 
0.487 0.132 -0.204 
0.385 0.105 -0.157 
0.338 0.094 -0.136 
0.286 0.080 -0. 111 
0.257 0.071 -0.097 
0.220 0.063 -0.080 
0.221 0.063 -0.081 
0.216 0.063 -0.078 
0.219 0.062 -0.079 
0.392 0.123 -0. 109 
0.417 0.131 -0.119 
0.417 0. 129 -0. 119 
30 f p s  
= 30 fps 
-0.211 
-0.208 
-0.209 
-0.209 
-0.209 
-0.206 
-0.208 
-0.210 
-0.223 
-0.236 
-0.264 
-0.318 
-0.276 
-0.232 
-0.206 
-0. 182 
-0.165 
-0.141 
-0. 124 
-0.310 
-0.208 
-0.191 
lo0. V = 30 ips 
0.071 -0.052 
0.070 -0.049 
0.070 -0.049 
0.070 -0.050 
0.072 -0.048 
0.071 -0.047 
0.068 -0.048 
0.067 -0.053 
0.065 -0.063 
0.057 -0.100 
0.055 -0.091 
0.049 -0.070 
0.039 -0.068 
0.040 -0.051 
0.037 -0.050 
0.073 -0.048 
0.076 -0.052 
0.075 -0.051 : 30 fps 
-0.315 2.23 
-0.315 2.22 
-0.317 2.24 
-0.319 2.25 
-0.313 2.25 
-0.314 2.28 
-0.322 2.25 
-0.340 2.26 
-0.367 2.17 
-0.400 2.32 
-0.442 2.28 
-0.404 2.21 
-0.350 2.17 
-0.309 2.15 
-0.251 2.11 
-0.214 2.09 
-0.171 2.08 
-0. 154 2. 10 
-0. 141 2.09 
-0.364 2. 18 
-0.315 2.24 
-0.316 2.24 
: 30 fps 
-0.076 3.41 
-0.074 3.38 
-0.074 3.40 
-0.073 3.40 
-0.078 3.26 
-0.071 3.25 
-0.072 3.22 
-0.078 3.45 
-0.084 3.77 
-0.137 4.52 
-0.100 4.45 
-0.076 4.23 
-0.063 4.06 
-0.063 4.08 
-0.063 4.24 
-0.073 3. 19 
-0.076 3.25 
-0.075 3.20 
'Table 11 - Cavitating Flow (Conl 
0 .5  (Cont'd) AR L : . 0 (Cont'd) 
F i l m  
u c ,  c;, C M  L</D F i l m  No .  V No.  
= 30 f p s  
-0.440 
-0.443 
-0.443 
-0.440 
-0.436 
-0.456 
-0.438 
-0.448 
-0.476 
-0.558 
-0.488 
-0.381 
-0.329 
-0.291 
-0.267 
-0.243 
-0. 224 
-0.206 
-0. 192 
-0. 193 
-0.464 
-0.452 
-0.443 
aoo 
831 
802 
833 
804 
805 
8 06 
807 
0.055 -0.027 
0. 054 -0.027 
0.051 -0.027 
0.050 -0.028 
0.042 -0.030 
0. 033 -0.036 
0.029 -0.062 
0. 018 -0.  042 
0. D l ?  -3.342 
0.034 -0.037 
0.052 -0.032 
0.052 -0.032 
0.054 -0.032 
V = 30 i p s  
0.097 -0.076 
0.098 -0.075 
0.096 -0.075 
0.096 -0.075 
0.096 -0.075 
0.096 -0.075 
0.095 -0.072 
0.093 -0.081 
0.081 -0.111 
A s p e c t  Ratio 
CD c: M 
V = 30 i p s  
0.031 0. 002 
F i l m  
No. 
V = 30 f p s  
-0.082 
-0.066 
-0.067 
-0.065 
-0.066 
-0.072 
-0.075 
-0.077 
I p s  
-0.147 
-0.146 
-0.145 
-0.  144 
-0. 146 
-0.145 
-0.145 
-0.145 
-0.  148 
-0.163 
-0,202 
-0. :73 
-0. :45 
-0. 1 5 :  
-0.  11. 
-0.  090 
0.032 -0.003 
0.03! -0.003 
0.029 -0.002 
0.029 -0.003 
0.029 -0.004 
0.029 -0.004 
0.031 -0.005 
0.032 -0.005 
0.026 -0.005 
0.019 -0.005 
0.016 -0.005 
0.010 -0.007 
0.030 -0.004 
0.032 -0.003 
V = 30 f p s  
C.C36 -0.011 
0.035 -C.OlL 
Table I1 - Cavitating Flow (Cont'd) 
AR = 0. 5 (Cont'd) 
F i l m  
No. 
872 
873 
8 74 
875 
876 
878 
8 79 
880 
88 1 
882 
883 
884 
885 
886 
887 
888 
889 
890 
89 1 
892 
893 
894 
895 
896 
897 
900 
901 
902 
903 
904 
905 
906 
907 
908 
909 
9 LO 
911 
912 
913 
9 14 
915 
9 16 
917 
a = 20° (Cont'd) 
a = 25O, V = 30 f p s  
a = 30°. V = 30 f p s  
F i l m  
NO. 
919 
920 
921 
922 
923 
9 24 
925 
926 
927 
928 
9 29 
930 
931 
932 
933 
9 34 
936 
9 37 
9 38 
9 39 
940 
94 1 
942 
943 
944 
945 
946 
947 
948 
949 
950 
V = 20 f p s  
V = 20 f p s  
TABLE I 
Hvdrofoil Models 
Chord Half Span 
AR c c b b 
Nominal Measured Nominal Measured 
4 .0  1 .5  in .  1 .503 in.  3.0 in.  3.005 in. 
2 .0  3.0 2.987 3.0 3.000 
1 .0  3.0 2.990 1 . 5  1.500 
0 . 5  4 . 5  4.41 2 1 .125 1 .125  
Fig.  1. Wedge Hydrofoil Models. 
Fig. 2. Assembled Reflection Plate, Nozzle, and Diffuser Blocks. 
Fig. 3. Reflection Plane Setup in Water Tunnel, Looking Downstream. 
A 4 FLOW 
b = HALF SPAN 
c = CHORD 
S =  PLAN AREA 
Fig. 4. Sketch of Wedge Hydrofoil, Showing Angle of Attack Convention. 
a ,  ATTACK ANGLE - DEGREES 
Fig .  5. Lift  Coefficient as a Function of Angle of At tack i n  
Noncavitating Flow. 
a, ATTACK ANGLE, DEGREES 
Fig .  6. Comparison of Resul ts  fo r  Noncavitating Flow with 
Towing Tank and Two-dimensional Data 
a ,  ATTACK ANGLE - D E G R E E S  
Fig .  7. Drag  and Moment Coefficients a s  a Function of Angle of Attack 
in  Noncavitating Flow. 
-.I 1 I 1 I I 1 I 
0 .I 2 .3 .4 .5 .6 .7 .8  .9 1.0 1.1 1.2 1.3 1.4 1.5 
o. CAVITATION NUMBER 
Fig .  8. Lift  Coefficient as a Function of Cavitat ion Number  
at Constant  Angle of Attack,  AR = 4.0.  
o, CAVITATION NUMBER 
Fig.  9 ,  D r a g  Coefficient as a Funct ion of Cavitat ion Number 
at Constant  Angle of At tack,  AR = 4.0. 
o, CAVITATION NUMBER 
.2 .3 4 .5 .6 .7 .8 .9 1.0 1.1 
i / I  I I - - T - - - - - i 7 -  
Fig.  10. Moment Coefficient a s  a Function of Cavitation Number 
a t  Constant Angle of Attack, AR = 4.0.  
2 2 1  
0 .I .2 .3 .4 .5 .6 .7 .8 .9 1.0 1.1  1.2 1.3 1.4 1.5 
o, CAVITATION NUMBER 
Fig.  11. Lift-Drag Ratio a s  a Function of Cavitation Number 
a t  Constant Angle of Attack, AR = 4.0. 
- . I  1 1 1 1 I 1 I I 1 1 1 I 1 1 I 
0 .I 2 .3 .4 .5 .6 .7 .8 .9 1.0 1.1 12 1.3 1 4  1.5 
r. CAVITATION NUMBER 
Fig.  12. Lift Coefficient as a Function of Cavitation Number  
a t  Constant Angle of Attack,  AR = 2.0. 
o, CAVITATION NUMBER 
Fig.  1 3. Drag  Coefficient a s  a Function of Cavitation Number  
a t  Constant Angle of Attack,  AR = 2.0 .  
Fig. 14. Moment Coefficient a s  a Function of Cavitation Number 
at  Constant Angle of Attack, A .  = 2.0.  
0 . I  2 .3 .4 .5 .6 .7 .E( .9 1.0 1.1 1.2 3 14 1.5 
o, CAVITATION NUMBER 
Fig.  15,  Lift-Drag Ratio as a Function of Cavitation Number 
at Constant Angle of Attack, AR = 2 . 0  
o. CAVITATION NUMBER 
Fig.  16. Lift Coefficient a s  a Function of Cavitation Number 
a t  Constant Angle of Attack,  AR = 1.0.  
17, CAVITATION NUMBER 
Fig.  17. Drag  Coefficient a s  a Function of Cavitation Number  
at Constant Angle of Attack, AR = 1 . O .  
cr, CAVITATION NUMBER 
.3 .4 .5 .6 .7 .8 .9 1.0 1 . 1  1.2 1.3 
'". , , , , , , , , , I+.L/ 
Fig.  18. Moment Coefficient as a Function of Cavitat ion Number  
at Constant  Angle of Attack,  AR = 1.0 .  
I I I I I I I I I I I I I I I 
0 .I 2 .3 .4 .5 .6 .7 .8 .9 1.0 1.1 1.2 1.3 1.4 1.5 
o, CAVITATION NUMBER 
Fig.  19. Lift - Drag  Ratio as a Function of Cavitation Number  
at Constant  Angle of Attack,  AR = 1 .0 .  
1 2 .  I 
o, CAVITATION NUMBER 
Fig.  20. Lift Coefficient a s  a Function of Cavitation Number 
a t  Constant Angle of Attack, AR = 0.5. 
cr, CAVITATION NUMBER 
Fig.  21. Drag  Coefficient a s  a Function of Cavitation Number 
a t  Constant Angle of Attack,  AR = 0.5.  
cr, CAVITATION NUMBER 
.3 4 .5 .6 .7 .8 .9 1.0 1.1 1.2 1.3 1.4 
4 1I I I 7 r - 7  i' 
Fig. 22. Moment Coefficient a s  a Function of Cavitation Number 
a t  Constant Angle of Attack, AR = 0.5.  
SYMBOL ATTACK ilr'
u, CAVITATION NUMBER 
Fig. 2 3 .  Lift-Drag Ratio as a Function of Cavitation Number 
a t  Constant Angle of Attack, AR = 0.5. 


a ,  ATTACK ANGLE-DEGREES a ,  ATTACK ANGLE-DEGREES 
a, ATTACK ANGLE-DEGREES a ,  ATTACK A N G L E - D E G R E E S  
Fig,  26 .  Drag  Coefficient as a Function of Angle of Attack at 
Constant Cavitation Number, AR = 4.0,  2 . 0 ,  1.0, 0 . 5 .  
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a ,  A T T A C K  A N G L E - D E G R E E S  a, A T T A C K  A N G L E  - D E G R E E S  
AR: 2.0 
Fig.  30, Moment Coefficient as a Function of Angle of Attack a t  
Constant Cavitation Number ,  AR = 4.0,  2 .0 ,  1 .0 ,  0.5.  
-$-, CAVITY LENGTH 
-$, CAVITY LENGTH 

X 
- C '  C A V I T Y  L E N G T H  
C A V I T Y  L E N G T H  C' 

Fig. 35. a )  The Effect of Aspect Ratio on the Cavitation Number for  x / c  = 1. 
b)  The Effect of Aspect Ratio on the Cavitation Number for x / c  = 2. 



cr = 0.29 
( The large f luctuat ions in  the separated  cav i t ies  
cause severe buf fe t ing  forces on the hydrofoil ) 
Fig .  39. Development of Cavitation on the AR = 2.0 Hydrofoil a t  a n  Angle of Attack of 30°. 
Fig. 40. The Effect of Aspect Ratio on Lift Coefficient 
in Noncavitating Flow. 
Fig. 41. The  Effect of Aspect Ratio on Lift Coefficient 
i n  Ful l  Cavity Flow, x/ c = 1.0.  
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